
Additional  file  6.  Bayesian  phylogeny  of  the  Rft1  homologues.  The  tree  is  unrooted  and

reconstructed using 204 sequences and 274 conserved sites. Multifurcations correspond to branches

with  Bayesian  posterior  probabilities  <0.5,  whereas  numbers  at  nodes  indicate  Bayesian  posterior

probabilities higher than 0.5. The bootstrap value from the maximum likelihood analyses has been

reported  on  the  eukaryotic  clade.  Colors  on  leaves  represent  the  affiliation  of  sequences  to  their

respective domain of life: archaea (blue), bacteria (orange) and eukaryotes (purple).

The identification of flippases has been traditionally difficult not only in N-glycosylation processes but

also  in  some other  polyisoprenol-related  mechanisms such as  peptidoglycan synthesis–the  flipping

process in LPS synthesis being much clearer [1–3]. In eukaryotes, the Rft1 protein was suggested to be

the ER flippase in charge of translocating the initial heptasaccharide from the cytoplasm to the lumen

side  [4]. Although some involvement of Rft1 in eukaryotic  N-glycosylation seems likely, its actual

flippase activity has been called into question [5–7]. The very necessity of flippases is compromised by

the fact that polyisoprenols are able to create hexagonal structures that attract proteins (maybe such as

Rft1) to form membrane channels facilitating the translocation of the glycans across the membrane [8].

As a result, it might well be that the translocation is actually polyisoprenol-driven and the proteins are

only accessory components to this mechanism.

Rft1 belongs to a family with homologues described in the three domains of life (Figure 2), of which

the  best  characterized  are  those  involved  in  bacterial  EPS  and  O-antigen  LPS  syntheses  [9–13].

Homologues of all the members of this family were searched in genomes from the three domains of

life. The eukaryotic Rft1 homologues are monophyletic (BPP = 0.59), but the prokaryotic sequences

are mixed both from a taxonomic and a  functional  point  of view. This  topology probably betrays

frequent HGT, probably owing to the involvement of these proteins in transporting highly variable LPS

or EPS components. This mixed tree may also result from difficulties in reconstructing the phylogeny

of hydrophobic membrane proteins that conserve very little sequence similarity. In summary, this data

does  not  allow us  to  clarify  the  origin  of  the  eukaryotic  sequences.  Maybe when more  structural

information  is  known  about  these  proteins,  a  more  insightful  evolutionary  analysis  will  become

possible.

1. Bouhss A, Trunkfield AE, Bugg TDH, Mengin-Lecreulx D: The biosynthesis of peptidoglycan 
lipid-linked intermediates. FEMS Microbiol Rev 2008, 32:208–233.

2. Dell A, Galadari A, Sastre F, Hitchen P: Similarities and differences in the glycosylation 



mechanisms in prokaryotes and eukaryotes. Int J Microbiol 2010, 2010:148178.

3. Guan Z, Naparstek S, Kaminski L, Konrad Z, Eichler J: Distinct glycan-charged phosphodolichol 
carriers are required for the assembly of the pentasaccharide N-linked to the Haloferax volcanii 
S-layer glycoprotein. Mol Microbiol 2010, 78:1294–303.

4. Helenius J, Ng DTW, Marolda CL, Walter P, Valvano MA, Aebi M: Translocation of lipid-linked 
oligosaccharides across the ER membrane requires Rft1 protein. Nature 2002, 415:447–450.

5. Frank CG, Sanyal S, Rush JS, Waechter CJ, Menon AK: Does Rft1 flip an N-glycan lipid 
precursor? Nature 2008, 454:E3–4; discussion E4–5.

6. Rush JS, Gao N, Lehrman M a., Matveev S, Waechter CJ: Suppression of Rft1 expression does not
impair the transbilayer movement of Man5GlcNAc2-P-P-dolichol in sealed microsomes from 
yeast. J Biol Chem 2009, 284:19835–19842.

7. Jelk J, Gao N, Serricchio M, Signorell A, Schmidt RS, Bangs JD, Acosta-Serrano A, Lehrman M a, 
Bütikofer P, Menon AK: Glycoprotein biosynthesis in a eukaryote lacking the membrane protein 
Rft1. J Biol Chem 2013, 288:20616–23.

8. Zhou G, Ii FAT: NMR studies on how the binding complex of polyisoprenol recognition 
sequence peptides and polyisoprenols can modulate membrane structure. Curr Protein Pept Sci 
2005, 6:399–411.

9. Feldman MF, Marolda CL, Monteiro A, Perry MB, Armando J, Valvano MA, Feldman MF, Marolda 
CL, Monteiro MA, Perry MB, Parodi AJ, Valvano MA: The activity of a putative polyisoprenol-
linked sugar translocase (Wzx) involved in Escherichia coli O-antigen assembly is independent of 
the chemical structure of the O-repeat. J Biol Chem 1999, 274:35129–35138.

10. Helenius J, Aebi M: Transmembrane movement of dolichol linked carbohydrates during N 
-glycoprotein biosynthesis in the endoplasmic reticulum. Semin Cell Dev Biol 2002, 13:171–178.

11. Rick PD, Barr K, Sankaran K, Kajimura J, Rush JS, Waechter CJ: Evidence that the wzxE gene of 
Escherichia coli K-12 encodes a protein involved in the transbilayer movement of a trisaccharide-
lipid intermediate in the assembly of enterobacterial common antigen. J Biol Chem 2003, 
278:16534–42.

12. Vorhölter F-J, Schneiker S, Goesmann A, Krause L, Bekel T, Kaiser O, Linke B, Patschkowski T, 
Rückert C, Schmid J, Sidhu VK, Sieber V, Tauch A, Watt SA, Weisshaar B, Becker A, Niehaus K, 
Pühler A: The genome of Xanthomonas campestris pv. campestris B100 and its use for the 
reconstruction of metabolic pathways involved in xanthan biosynthesis. J Biotechnol 2008, 
134:33–45.

13. Kaminski L, Guan Z, Abu-Qarn M, Konrad Z, Eichler J: AglR is required for addition of the 
final mannose residue of the N-linked glycan decorating the Haloferax volcanii S-layer 
glycoprotein. Biochim Biophys Acta 2012, 1820:1664–1670. 



0.2

Sphingobium chlorophenolicum [GenBank: AEG49953.1]

Alicyclobacillus acidocaldarius [GenBank: ACV57780.1]

Chlorobium luteolum [GenBank: ABB24599.1]

Thermococcus gammatolerans [GenBank: WP_015859744.1]

Oceanimonas sp. [GenBank: WP_014293032.1]

Fervidobacterium nodosum [GenBank: ABS60432.1]

Methanobacterium paludis [GenBank: WP_013825201.1]

Thermovibrio ammonificans [GenBank: ADU96636.1]

Desulfurobacterium thermolithotrophum [GenBank: ADY73990.1]

Palaeococcus pacificus [GenBank: AIF70356.1]

Acidithiobacillus ferrooxidans [GenBank: ACK79853.1]

Methanosarcina mazei [GenBank: KKG00519.1]

Salpingoeca rosetta [GenBank: XP_004992671.1]

Methylophilus methylotrophus [GenBank: WP_018985171.1]

Ktedonobacter racemifer [GenBank: EFH90496.1]

Nitrosococcus halophilus [GenBank: ADE13878.1]

Marinitoga piezophila [GenBank: AEX85584.1]

Nitrosococcus halophilus [GenBank: ADE14475.1]

Pirellula staleyi [GenBank: ADB18495.1]

Chlorobium luteolum [GenBank: ABB23062.1]

Emiliania huxleyi [GenBank: XP_005786799.1]

Chondrus crispus [GenBank: XP_005718287.1]

Sulfurovum sp. [GenBank: WP_038000631.1]

Nitrosopumilus maritimus [GenBank: YP_001581457.1]

Guillardia theta [GenBank: XP_005820801.1]

Turicibacter sp. [GenBank: WP_039931091.1]

Chroococcidiopsis thermalis [GenBank: AFY88261.1]

Prosthecochloris aestuarii [GenBank: ACF47083.1]

Thermoplasma acidophilum [GenBank: WP_010901124.1]

Fischerella sp. [GenBank: WP_026735607.1]

Desulfatibacillum alkenivorans [GenBank: ACL05961.1] 

Pyrococcus abyssi [GenBank: WP_010868271.1]

Chloroflexus aurantiacus [GenBank: YP_001633717.1]

Candidatus Nitrososphaera gargensis [GenBank: YP_006861509.1]

Methanopyrus kandleri [GenBank: WP_011019994.1]

Pyrococcus horikoshii [GenBank: WP_010884532.1]

Selaginella moellendorffii [JGI: 15415950]

Escherichia coli [GenBank: EFI17917 (WzxE)]

Ferroglobus placidus [GenBank: WP_012966481.1]

Bathycoccus prasinos [GenBank: XP_007508133.1]

Pirellula staleyi [GenBank: ADB15758.1]

Persephonella marina [GenBank: WP_015899028.1]

Herpetosiphon aurantiacus [GenBank: ABX06757.1]

Schizosaccharomyces pombe [GenBank: NP_596493.1]

Methanothermus fervidus [GenBank: YP_004004367.1]

Haloarcula amylolytica [GenBank: WP_008311501.1]

Tetrahymena thermophila [GenBank: XP_001030367.2]

Prosthecochloris aestuarii [GenBank: ACF46780.1]

Lysinibacillus sinduriensis [GenBank: WP_036203264.1]

Methanobacterium formicicum [GenBank: EKF86028.1]

Methanolobus psychrophilus [GenBank: WP_015054282.1]

Haladaptatus paucihalophilus [GenBank: WP_007981157.1]

Cryptococcus neoformans [GenBank: XP_777132.1]

Galdieria sulphuraria [GenBank: XP_005706563.1]

Chlorobium luteolum [GenBank: ABB23640.1]

Caulobacter crescentus [GenBank: ENZ81689.1]

Microchaete sp. [GenBank: WP_017651407.1]

Nostoc punctiforme [GenBank: ACC80189.1]

Thermococcus onnurineus [GenBank: WP_012572814.1]

Natrialba asiatica [GenBank: WP_006108222.1]

Methanothermobacter thermautotrophicus [GenBank: WP_010876018.1]

Archaeoglobus fulgidus [GenBank: WP_010878099.1]

Methanosarcina mazei [GenBank: WP_011035115.1]

Haloarcula hispanica [GenBank: WP_023842997.1]

Pleurocapsa sp. [GenBank: AFY79430.1]

Cytophaga hutchinsonii [GenBank: ABG57312.1]

Nitrosomonas eutropha [GenBank: ABI59169.1]

Natronorubrum bangense [GenBank: WP_006067273.1]
Methanosarcina mazei [GenBank: YP_007491546.1]

Marinitoga piezophila [GenBank: AEX85656.1]

Sinorhizobium melitoli [KEGG: exoT]

Microchaete sp. [GenBank: WP_017653696.1]

Lyngbya aestuarii [GenBank: RT09143.1]

Methanococcus aeolicus [GenBank: WP_011973109.1]

Thermogladius cellulolyticus [GenBank: YP_006363818.1]

Scytonema millei [GenBank: WP_039713758.1]

Sulfolobus islandicus [GenBank: WP_012952699.1]

Chroococcidiopsis thermalis [GenBank: AFY85705.1]

Methanoregula formicica [GenBank: WP_015285412.1]

Dictyostelium discoideum [GenBank: XP_636696.1]

Methanoculleus marisnigri [GenBank: YP_001047519.1]

Rivularia sp. [GenBank: WP_015121411.1]

Gloeobacter violaceus [GenBank: NP_924727.1]

Thermosipho africanus [GenBank: ACJ75326.1]

Pleurocapsa sp. [GenBank: AFY79480.1]

Methanocella paludicola [GenBank: YP_003355832.1]

Ignisphaera aggregans [GenBank: YP_003859112.1]

Chthoniobacter flavus [GenBank: EDY17258.1]

Nitrosococcus halophilus [GenBank: ADE15285.1]

Methanothermus fervidus [GenBank: WP_013414135.1]

Glaciecola sp. [GenBank: WP_010179989.1]

Sulfolobus solfataricus [GenBank: NP_343182.1]

Mus musculus [ensembl: ENSMUSP00000064153]

Caldilinea aerophila [GenBank: BAL99090.1]

Bacteroides fragilis [GenBank: EKA87871.1]

Pontibacillus yanchengensis [GenBank: WP_036815062.1]

Metallosphaera sedula [GenBank: YP_001191908.1]

Methanocorpusculum bavaricum [GenBank: WP_042699109.1]

Petrotoga mobilis [GenBank: ABX31663.1]

Methanobacterium formicicum [GenBank: EKF84899.1]

Salmonella enterica [KEGG: Wzx]

Chroococcidiopsis thermalis [GenBank: AFY87657.1]

Methanoplanus limicola [GenBank: WP_004076029.1]

Porphyridium purpureum [Rutgers: contig_537_7]

Monosiga brevicollis [GenBank: XP_001742839.1]

Acaryochloris sp. [GenBank: WP_029315088.1]

Parvularcula bermudensis [GenBank: ADM10305.1]

Opitutus terrae [GenBank: ACB75050.1]

Haloferax volcanii [GenBank: YP_003533655.1]

Haloferax volcanii [KEGG: AglR]

Methanococcoides burtonii [GenBank: WP_011499641.1]

Butyrivibrio sp. [GenBank: WP_026513807.1]

Amborella trichopoda [GenBank: XP_006854808.1]

Sphingobium chlorophenolicum [GenBank: AEG49051.1]

Methanobrevibacter smithii [GenBank: WP_004033513.1]

Paramecium tetraurelia [GenBank: XP_001445714.1]

Pleurocapsa sp. [GenBank: AFY76740.1]

Marinitoga piezophila [GenBank: AEX85641.1]

Polysphondylium pallidum [GenBank: 281200647]

Methanotorris igneus [GenBank: WP_013799658.1]

Thermococcus kodakarensis [GenBank: YP_184232.1]

Methanococcoides methylutens [GenBank: KGK99157.1]

Halorubrum lipolyticum [GenBank: WP_008003572.1]

Methanothermobacter marburgensis [GenBank: WP_013294894.1]

Strongylocentrotus purpuratus [ensembl: SPU_024849]

Ferroglobus placidus [GenBank: WP_012966390.1]

Aciduliprofundum boonei [GenBank: WP_008084731.1]

Gallionella capsiferriformans [GenBank: ADL55303.1]

Chloroherpeton thalassium [GenBank: ACF14123.1]

Thermofilum pendens [GenBank: YP_921136.1]

Acidianus hospitalis [GenBank: YP_004458774.1]

Aplysia californica [GenBank: XP_005103879.1]

Phytophthora parasitica [GenBank: ETI32778.1]

Methanosarcina barkeri [GenBank: WP_011306139.1]

Chlorobium ferrooxidans [GenBank: WP_006367094.1]

Methanococcus maripaludis [GenBank: WP_013998790.1]

Vulcanisaeta distributa [GenBank: YP_003900913.1]

Batrachochytrium dendrobatidis [GenBank: XP_006681665.1]

Capsaspora owczarzaki [GenBank: XP_004346097.2]

Thermotoga maritima [GenBank: NP_228430.1]

Methanolobus tindarius [GenBank: WP_023846234.1]

Methanococcoides burtonii [GenBank: WP_011498850.1]

Picrophilus torridus [GenBank: WP_011177098.1]

Thermosphaera aggregans [GenBank: YP_003649695.1]

Herpetosiphon aurantiacus [GenBank: ABX05991.1]

Methanoculleus bourgensis [GenBank: WP_014867996.1]

Methanoculleus marisnigri [GenBank: YP_001046589.1]

Thermococcus kodakarensis [GenBank: YP_184125.1]

Sulfolobus islandicus [GenBank: YP_005645118.1]

Streptococcus agalactiae [GenBank: EAO71724.1]

Thioalkalivibrio sp. [GenBank: WP_019612429.1]

Phaeodactylum tricornutum [GenBank: XP_002177395.1]

Staphylococcus aureus [GenBank: EZT84273.1]

Thermococcus sp. [GenBank: WP_014122718.1]

Pseudomonas stutzeri [GenBank: WP_021206984.1]

Aquilegia coerulea [JGI: 22053053]

Drosophila melanogaster [GenBank: AAF46064.1]

Natronomonas pharaonis [GenBank: YP_326627.1]

Micromonas sp. [GenBank: XP_002507901.1]

Methanosarcina sp. [GenBank: AKB24402.1]

Halalkalicoccus jeotgali [GenBank: WP_008418688.1]

Desulfurococcus kamchatkensis [GenBank: YP_002428199.1]

Lyngbya aestuarii [GenBank: ERT09961.1]

Ferroplasma acidarmanus [GenBank: WP_009886169.1]

Citrobacter sedlakii [GenBank: WP_042284275.1]

Shewanella colwelliana [GenBank: WP_028765176.1]

Frankia alni [GenBank: CAJ60692.1]

Physcomitrella patens [JGI: 28264989] 

Gloeobacter violaceus [GenBank: NP_923403.1]

Rhizophagus irregularis [GenBank: ESA13222.1]

Azoarcus sp. [GenBank: WP_015434595.1]

Naegleria gruberi [GenBank: XP_002671352.1]

Xanthomonas campestris [KEGG: GumJ]

Chloroflexus aurantiacus [GenBank: YP_001635084.1]
Ktedonobacter racemifer [GenBank: EFH86754.1]

Methanosphaera stadtmanae [GenBank: WP_011406505.1]

Azoarcus sp. [GenBank: WP_015437179.1]

Amphimedon queenslandica [ensembl: 15723346]

Clostridium acetobutylicum [GenBank: NP_349665.1]

archaeon Lokiarchaeota [GenBank: KKK44709.1]

Methylovulum miyakonense [GenBank: WP_019867359.1]

Thioalkalivibrio sp. [GenBank: WP_018871118.1]

Paenibacillus sp. [GenBank: WP_036629634.1]

Nitrolancea hollandica [GenBank: CCF83587.1]

Caldilinea aerophila [GenBank: BAL98644.1]

Acaryochloris sp. [GenBank: WP_010468704.1]

Planctopirus limnophilus [GenBank: ADG69481.1]

Pyrococcus abyssi [GenBank: WP_010868291.1]

Methanocella paludicola [GenBank: YP_003357766.1]

Ferrovum myxofaciens [GenBank: WP_031597923.1]

Lyngbya aestuarii [GenBank: ERT08055.1]

Trypanosoma brucei [GenBank: XP_829230.1]

Saccharomyces cerevisiae [KEGG: Rft1]

Anaerolinea thermophila [GenBank: BAJ65185.1]

Nitrincola lacisaponensis [GenBank: WP_036543156.1]

Thermosipho africanus [GenBank: ACJ75209.1]

Allomyces macrogynus [Broad: AMAG_03165T0]

Blastopirellula marina [GenBank: EAQ82654.1]

Thermoproteus tenax [GenBank: YP_004893056.1]

Ichthyophthirius multifiliis [GenBank: XP_004024036.1]

Archaeoglobus veneficus [GenBank: WP_013683250.1]

Escherichia coli [GenBank: AAV74554 (Wzx)]

Flexistipes sinusarabici [GenBank: AEI14047.1]

Candidatus Korarchaeum cryptofilum [GenBank: YP_001737278.1]

0.50.7

0.64

0.67

0.5

0.51

0.53

0.58

0.9/100

0.56

0.5

0.75

0.51

0.52

0.5

0.56

0.53

0.5

0.57

0.51

0.5

0.55

0.62

0.5

0.5

0.5

0.5

0.53

0.5

0.57

0.6

0.55

0.5

0.61

0.6

0.65

0.5

0.63

0.64

0.5

0.56

0.5

0.5

0.5

0.5

0.63

0.5

0.69

0.63

0.65

0.58

0.5

0.5

0.71

0.62

0.5

0.61

0.52

0.5

0.61

0.59

0.67

0.5

0.55

0.51

0.66

0.5

0.56

0.5

0.5

0.52

0.5

0.51

0.69

0.52

0.61

0.63

0.5

Euryarchaea

Cyanobacteria

Verrucomicrobia

Proteobacteria

Firmicutes

Chloroflexi

Thermotogae

Firmicutes

Proteoarchaea
Aquificae

Chloroflexi
Betaproteobacteria

Euryarchaea

Planctomycetes

Proteobacteria
Deferribacteres
Aquificae

ChlorobiFirmicutes

Euryarchaea

Thermotogae

Proteoarchaea

Bacteroidetes/
Chlorobi

Thermotogae

Euryarchaea

Proteobacteria

Chlorobi

Proteoarchaea

Euryarchaea
Planctomycetes
Deltaproteobacteria
Firmicutes
Betaproteobacteria
Chloroflexi
Alphaproteobacteria
Actinobacteria
Firmicutes
Chloroflexi

Cyanobacteria

Proteobacteria

Planctomycetes

Cyanobacteria

Proteobacteria

Cyanobacteria

Euryarchaea

Cyanobacteria

Chloroflexi
Cyanobacteria
Alphaproteobacteria

Opisthokonta

Stramenopile

Stramenopile

Ciliates
Heterolobosea

Rhodophyta
Haptophyta

Streptophyta

Amoebozoa
Chlorophyta
Euglenozoa
Cryptophyta
Chlorophyta

Additional file 6

Eukaryotic
Rft1

Prokaryotic 
flippases

0.59


